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Fluorescence detection of acceptor molecules sensitized by Forster resonance energy transfer
(FRET) is a powerful method to study protein interactions in living cells. The method
requires correction for donor spectral bleed-through and acceptor cross-excitation as well as
the correct normalization of signals to account for varying fluorophore concentrations and
imaging parameters. In this paper, we review different methods for FRET signal
normalization and then present a rigorous model for sensitized emission measurements,
which is both intuitive to understand and practical to apply. The method is validated by
comparison with the acceptor photobleaching and donor lifetime-imaging techniques in live
cell samples containing EYFP and ECFP tandem constructs exhibiting known amounts of
FRET. By varying the stoichiometry of interaction in a controlled fashion, we show that
information on the fractions of interacting donors and acceptors can be recovered.
Furthermore, the method is tested by performing measurements on different microscopy
platforms in both widefield and confocal imaging modes to show that signals recovered under
different imaging conditions are in quantitative agreement. Finally, the method is applied in
the study of dynamic interactions in the cyclin—cdk family of proteins in live cells. By
normalizing the obtained signals for both acceptor and donor concentrations and using a
FRET exhibiting control construct for calibration, stoichiometric changes in these
interactions could be visualized in real time. The paper is written to be of practical use to
researchers interested in performing sensitized emission measurements. The correct
interpretation of the retrieved signals in a biological context is emphasized, and guidelines
are given for the practical application of the developed algorithms.
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1. INTRODUCTION

Forster resonance energy transfer (FRET) refers to the
transfer of energy from a donor fluorophore to an
acceptor, which occurs if the emission spectrum of the
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donor exhibits overlap with the absorption spectrum of
the acceptor. If the acceptor is also a fluorophore, then
FRET leads to an increase in fluorescence emission
from the acceptor, and this is referred to as sensitized
emission. The term ‘fluorescence resonance energy
transfer’ is frequently used in the literature to describe
this phenomenon, which is possibly misleading, since
FRET is not mediated by the emission of photons
(fluorescence) from the donor. Evidence for FRET was
found more than 80 years ago (Cario & Franck 1922) and
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the process was recognized to arise from a long range
dipole—dipole interaction (Perrin 1927, 1932). The first
theory that could quantitatively describe the process was,
however, developed by Theodor Forster and presented in
his seminal paper from 1948 (Forster 1948b). In contrast
to earlier scientists, he recognized that, for significant
FRET to occur, donor and acceptor molecules need to be
within a distance of less than approximately 10 nm, with
the efficiency of energy transfer decreasing rapidly with
separation. It is this latter property that has made FRET
one of the most useful and widely applied tools in use
today to measure distances on the molecular scale (Stryer
1978; Lakowicz 2006). One of the most exciting and most
rapidly growing fields of FRET application is microscopic
imaging in living cells (Selvin 2000; Wouters et al. 2001).
For in-depth reviews on FRET imaging, see Pollok &
Heim (1999), Jares-Erijman & Jovin (2003, 2006),
Miyawaki (2003), Periasamy & Day (2005), Van Munster
et al. (2005) and Wallrabe & Periasamy (2005). This
burgeoning field has been enabled through the discovery
and maturation of fluorescent fusion protein (FP)
technology permitting interaction partners to be fluores-
cently labelled and detected with the required specificity
and sensitivity at excitation and emission wavelengths
compatible with FRET (Shaner et al. 2005; Giepmans
et al. 2006; Shu et al. 2006). A popular approach for
detecting FRET is fluorescence lifetime-imaging
microscopy (FLIM). Usually this is performed by
monitoring the decrease in the lifetime of donor molecules
in the presence of FRET although other approaches are
possible. FLIM has been combined with powerful data-
fitting algorithms and data representation approaches
including global analysis and phasor plots (e.g. Verveer
et al. 2000; Clayton et al. 2004; Pelet et al. 2004;
Digman et al. 2008). Where measurement speed
and low signal levels are not an issue, FLIM is often the
most straightforward method for the verification of
FRET interactions.

For dynamic live cell FRET applications, the sensi-
tized emission measurement is the most widely used
approach (Erickson et al. 2001; Zal & Gascoigne 2004)
and this is the focus of the present paper. The method can
be implemented on standard confocal and widefield
microsopes. Its non-destructive nature (in contrast to
the popular acceptor photobleaching technique) and
sensitivity even at high acquisition speed (in contrast to
fluorescence lifetime imaging; Kolner & Wolfrum 1992)
make it the method of choice for measurements over
extended periods of time. These advantages are, however,
offset by the fact that quantification of FRET by
measuring sensitized emission is extremely difficult in
practice. Imperfections in the spectral properties of
fluorophores used in live cell FRET experiments lead
to the problem of signal crosstalk that contaminates
the FRET signal (Tron et al. 1984; Youvan et al. 1997;
Gordon et al. 1998; Nagy et al. 1998; Xia & Liu 2001;
Elangovan et al. 2003). The most serious issue, and
the most difficult to quantify, relates to the fact that
not all donors and acceptors participate in FRET
interactions and the signals need to be normalized to
take into account the varying concentrations of
participating interaction partners (Clegg 1995;
Hoppe et al. 2002; Berney & Danuser 2003; Gu et al.
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2004; Millington et al. 2007; Wlodarczyk et al. 2008).
This is a severe challenge as expression levels of FPs in
live cells may vary greatly in space and in time.
However, neglecting these effects can lead to false
conclusions, and one may not even be able to establish
whether two proteins interact or not. Furthermore, the
biological interaction one wishes to track may change
stoichiometry, i.e. the relative fractions of tagged
proteins participating in the interaction are changing
in time. Correct signal normalization is crucial to
reliably detect and quantify such changes.

A number of publications have appeared in the
literature to deal with crosstalk correction and signal
normalization. A number of different notations are used,
and there are subtle differences in the way normalizations
are performed. This makes selection of the most
appropriate method a daunting task even for experienced
microscopists. In this paper, we aim to address these
issues. We begin with an extensive review of existing
normalization methods, and then present an intuitive,
yet rigorous, model for sensitized emission FRET, which
is appropriate for most applications in living cells. The
various normalization methods are interpreted in a
practical context. We validate the developed algorithms
using control constructs exhibiting known amounts of
FRET, and show, by controlled perturbation of the
interaction stoichiometry, that information on the
fractions of interacting partners can be retrieved.
We validate the method against other measures of
FRET quantification, namely the acceptor photobleach-
ing method and FLIM. Our method yields quantities that
are system independent, such that experiments obtained
with different systems are directly comparable. This
latter step is crucial as different algorithms can yield
FRET efficiencies that differ very significantly in value
making the verification of experiments performed by
others a difficult task; a point that has often been
neglected in the literature. We verify explicitly that
FRET data we measure from similar constructs but using
different imaging platforms agree quantitatively. Finally,
we apply the methodology for the in vivo quantification of
dynamic protein—protein interactions. We track
interactions of the cyclin—cdk family of proteins through-
out the cell cycle in real time. We show that normalizing
FRET signals for both the acceptor and donor concen-
trations permits changes in the interaction stoichiometry
of the binding proteins to be followed in time, offering
maximal information from a given experiment. Algo-
rithms developed here have been incorporated in user-
friendly image analysis software, which is published
online and freely available to the interested user at
http://laser.ceb.cam.ac.uk.

2. BACKGROUND
2.1. Férster resonance energy transfer

In what follows, we assume that both donor and acceptor
molecules are fluorescing species, as is usual for
sensitized emission measurements. The rate of energy
transfer, kr(r), from an excited donor to an acceptor
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molecule is given by (Clegg 1996; Lakowicz 1999)

1 (Ry\°
() = - (%2

where 7p is the donor lifetime; 7 is the separation
distance; and R is the Forster radius, defined as the
interfluorophore distance at which the FRET efficiency
is 50 per cent.

The FRET transfer efficiency, E, is defined as the
fraction of energy absorbed by the donor that is
transferred to the acceptor

kr _ Ry’
kr+mp™t RS+ 67
R, is often assumed to be a constant for a given pair of
fluorophores. In reality, it is a function of the donor
quantum yield, the refractive index of the medium
through which the signals propagate and the orien-
tation factor, k%, between the donor and acceptor dipole
moments (Van Der Meer 2002), all of which may vary
in time and in space within a living cell (Lakowicz 1999;
Jares-Erijman & Jovin 2003). For a theoretical
derivation of Ry and equation (2.1), the reader is

referred to the excellent original paper by Forster
(19484a) and the in-depth review by Clegg (1996).

(2.1)

E:

(2.2)

2.2. FRET quantification methods

Three methods are commonly used for FRET quantifi-
cation, namely measurement of sensitized emission,
photobleaching and lifetime imaging. Although the
focus here is on sensitized emission, we present
measurements of, and comparison with, photobleach-
ing and lifetime measurement techniques, and a brief
introduction to each of the three methods is given in the
following sections. Note that other methods have also
been demonstrated for FRET determination, for
example polarization measurements (Jares-Erijman &

Jovin 2003; Rizzo & Piston 2005).

2.2.1. Sensitized emission. Crosstalk. The sensitized
emission technique quantifies FRET by measuring the
increase in acceptor emission upon energy transfer
from the donor. This is traditionally measured using a
‘FRET filter set’, consisting of an excitation bandpass
designed to selectively excite the donor and an emission
window designed to selectively collect acceptor emission.
The excitation bandpass is referred to as ‘donor excitation’
and the emission bandpass is referred to as the ‘acceptor
channel’. Theoretically this FRET filter set directly
measures the amount of FRET in a sample. In reality,
however, spectral bleed-through (donor fluorophore emis-
sion into the acceptor channel) and cross-excitation (direct
excitation of acceptor fluorophores by donor excitation)
contaminate the signal. This is referred to as crosstalk.

Figure 1 shows how cross-excitation (path 1) and
spectral bleed-through (path 2) affect the measured
FRET signals.

The problem of crosstalk is widely recognized in the
literature, and many corrections for it have been
proposed (Tron et al. 1984; Youvan et al. 1997; Gordon
et al. 1998; Nagy et al. 1998; Elangovan et al. 2003).
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Figure 1. Crosstalk in sensitized emission FRET measure-
ments. With no crosstalk (paths 1 and 2 inactive), the only
path to the acceptor channel is via FRET. When crosstalk is
present (paths 1 and 2 active), contamination of the FRET
signal occurs.

These approaches appear to be different because of
different nomenclatures employed but they can be
mathematically shown to be identical. The methods do
however differ in the way that signal normalization is
performed to account for concentration variations of
interacting molecules (see §2.2.2).

Crosstalk is corrected for by performing two
reference measurements in addition to the actual
FRET experiment. One is performed using a control
sample containing only donor fluorophores and the
other on a sample containing only acceptor fluoro-
phores. The former permits the bleed-through to be
determined (path 2 in figure 1), whereas the latter is
used in the determination of direct acceptor excitation.
In the actual FRET experiment, this information is
used to recover the true FRET contribution in the
acceptor channel. In what follows, this is referred to as
the corrected FRET signal, or cFRET.

Some methods also allow for bleed-through of
acceptor signal into the donor channel and direct
excitation of the donor by acceptor excitation (Gordon
et al. 1998; Nagy et al. 1998). Note that this possibility
is not included in the model of the FRET process
depicted in figure 1: by careful selection of fluorophores,
excitation filters and emission filters, the need for these
corrections can usually be avoided, making the analysis
inherently more robust because the accumulative error
becomes smaller. The robustness of FRET algorithms
due to noise across channels has been subject to a
theoretical study by Neher & Neher (2004b).

2.2.2. Normalization methods. A key issue for FRET
quantification is the normalization of the sensitized
acceptor emission signal for fluorophore concentrations
and equipment settings. Correct signal normalization
is essential in order to allow quantitative comparisons
to be made between experiments performed with
varying instrument settings, on different microscopes
and with different fluorophores. Many different
approaches to FRET signal normalization have been
described in the literature.

The measured FRET signal can be a function of donor
concentration, acceptor concentration or both. The signal
is also dependent on the fraction of donors and acceptors,
which are within the proximity required for FRET. In a
biological sample, this may depend on the stoichiometry
of the interaction (e.g. what fraction of donor labelled
protein A interacts with acceptor labelled protein B?).

Ideally, a normalization scheme is capable of
quantifying FRET on an absolute scale, independent
of these factors. The transfer efficiency, F, defined in
equation (2.2), is useful in this respect as it measures
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Figure 2. Diagram illustrating the acceptor photobleaching approach. (a) Before bleaching, the donor loses some energy due to
FRET. (b) Bleaching results in photodestruction of the acceptor. (¢) After bleaching, the donor emission is increased as the donor

no longer loses energy via FRET.

the fractional energy absorbed by the donor that is
transmitted to the acceptor.

The simplest approach to account for donor concen-
tration is to divide cFRET by the unmixed donor signal
(Vanderklish et al. 2000). However, the unmixed donor
signal is not a direct measure of the donor concen-
tration, because it is depleted when energy transfer to
the acceptor takes place. Furthermore, the result is
still system dependent and depends on excitation
intensity, and detection efficiencies of the system used
(Zal & Gascoigne 2004).

A similar method has been proposed to normalize the
signal for acceptor concentration, namely the division
of cFRET by the unmixed acceptor signal (Jiang &
Sorkin 2002). Again the normalized signal cannot be
compared across experiments where different fluoro-
phores or excitation wavelengths are used, as it depends
on the relative absorption strengths of the donor and
acceptor fluorophores at the donor excitation wave-
length used (Zal & Gascoigne 2004).

Gordon et al. (1998) proposed a normalization,
FRETN, to account for both the donor and acceptor
concentrations. To achieve this, cFRET is divided by
the product of I°P (the signal measured in the donor
channel when using donor excitation) and I** (the
signal measured in the acceptor channel when using
acceptor excitation). However, it was later shown that
the result of this normalization is still a function of
concentration (Xia & Liu 2001; Zal & Gascoigne 2004).
Xia & Liu (2001) suggest an alternative strategy in
which the geometric mean of I°P and I** is used to
normalize cFRET. The signal is now no longer a
function of concentration; however, the method fails to
take into account the fact that the unmixed donor
signal is not a direct measure of the donor concentration
(because of depletion due to energy transfer) and the
obtained signal is not directly proportional to the
transfer efficiency. Also, this normalization procedure is
again not independent of the system parameters.

The interpretation of the normalized FRET signals
in terms of an absolute transfer efficiency E has been
the subject of numerous previous publications. Under
the assumption that each donor interacts with a single
acceptor, F can be derived through a normalization by
the unmixed donor signal if the loss due to energy
transfer is also taken into account. In order to do this,
the relative sensitivities of the two detection channels
and the quantum yields of the donor and acceptor need
to be known (Nagy et al. 1998; Elangovan et al. 2003;
Wallrabe & Periasamy 2005) or determined from
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complementary acceptor photobleaching experiments
(Van Rheenen et al. 2004; Zal & Gascoigne 2004). It is
possible to relax the assumption that every donor
interacts with an acceptor, through the introduction of
a parameter representing the percentage of interacting
donors, xp. Here, some methods calculate an apparent
transfer efficiency represented by xpFE (Elangovan
et al. 2003; Zal & Gascoigne 2004; Wallrabe &
Periasamy 2005).

In situations where one assumes that every acceptor
fluorophore is interacting with a donor fluorophore (and
there are surplus, non-interacting donors present), one
can recover F via normalization of signals by the
acceptor concentration. This is similar to acceptor
normalization proposed by Jiang & Sorkin (2002), but
requires inclusion of a corrective factor to account for
the relative absorption strengths of the fluorophores
(Nagy et al. 1998; Van Rheenen et al. 2004). In analogy
to the previous example, the assumption that every
acceptor interacts with a donor can be relaxed by the
introduction of a parameter representing the percen-
tage of interacting acceptors, ya.

A rigorous approach for the determination of FRET
stoichiometry is published in Hoppe et al. (2002).
A FRET exhibiting control construct is used, for which
the stoichiometry of interaction between donors and
acceptors is 1. This is then used to calibrate data
obtained from FRET samples whose stoichiometry is
not known. The idea of a FRET positive control
construct is also central to the approach we present in
this paper. An equivalent theoretical description is
given in matrix form in Neher & Neher (2004a).

The method presented here is intuitive and practical
to apply for measurement in biological samples and
it incorporates all normalization methods reviewed
earlier. Both the strength of interaction and information
on the fractions of interacting partners can be recovered.
Results are independent of the spectral parameters used
for excitation and detection, and we show that measure-
ments obtained on different equipment and using
different systems can be directly compared.

Acceptor photobleaching. Photobleaching refers to
the photodestruction of a fluorophore. Following
photodestruction, a fluorophore will no longer absorb
or emit fluorescence.

There are several different ways in which photo-
bleaching can be used to measure FRET (Van Munster
et al. 2005; Wlodarczyk et al. 2008). These can be split
into ways that require a photostable donor and
photolabile acceptor and vice versa. With a photostable
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Figure 3. (a,b) Crosstalk in CFP-YFP FRET system. The excitation and emission wavelengths shown in light grey correspond to
the settings on a confocal microscope used for the present work. The excitation wavelengths and emission spectral bandpasses are
indicated in light grey and correspond to the parameters detailed in § 5.2 (see table 3). It is seen that donor bleed-through and direct
acceptor excitation are significant. However, direct excitation of the donor at the acceptor excitation wavelength is negligible, as is
acceptor emission into the donor emission channel. These characteristics justify the use of the model shown in figure 1. Red solid
line, CFP absorption; red dashed line, CFP emission; blue solid line, YFP absorption; blue dashed line, YFP emission.
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Figure 4. Diagram summarizing the principles behind the AER, DER and cFRET calculations. (a) The AER is determined from
an acceptor-only sample. It is the ratio of emission into the acceptor channel when using donor excitation relative to when using
acceptor excitation. (b) The DER is determined from a donor-only sample. It is the ratio of emission into the acceptor channel
relative to emission into the donor channel, when using donor excitation. (¢) The aim is to measure cFRET; however, this signal
is contaminated by the signal from paths 1 (AER.I**) and 2 (DER.I"P).

acceptor, donor bleaching can be used to distinguish
sensitized acceptor fluorescence from directly excited
acceptor fluorescence (Mekler 1994). With a photo-
stable donor, photobleaching of the acceptor due to
excitation via FRET (Mekler et al. 1997) or direct
acceptor photobleaching (Wouters et al. 1998; Llopis
et al. 2000; Chan et al. 2001; Kenworthy 2001; Gu et al.
2004) can be used to determine FRET. Direct acceptor
photobleaching is the most commonly used approach,
because it is the most straightforward method to
interpret. All photobleaching methods rely on the
basic principle of measuring fluorescence emission pre-
and post-bleaching. This is shown in figure 2.

An inherent problem with photobleaching methods is
the inadvertent bleaching of the ‘photostable’ fluoro-
phore. Recently, a method has been proposed
(Van Munster et al. 2005) which monitors donor and
acceptor fluorescence as a function of time, while gradual
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photobleaching is carried out. By fitting a mono-
exponential model of bleaching to the data, the FRET
efficiency can be calculated. This overcomes the problem
of accidental bleaching, but does prolong imaging time.

The fact that the FRET reporters are destroyed in
the process makes the method unsuitable for time-
lapse applications in living cells. Problems are also the
inadvertent bleaching of the photostable fluorophore
and the unknown phototoxic effects induced by
photobleaching. It has recently been shown that
YFP can photo-convert to a CFP-like molecule
when bleached, which can cause false positive results
(Valentin et al. 2005). In practice, bleaching of the
acceptor will be neither homogeneous nor complete.

In the present work, the direct acceptor photobleach-
ing technique is used to provide a secondary transfer
efficiency measurement for comparison with the results
of the developed sensitized emission technique.



S64 A quantitative FRET protocol

A. D. Elder et al.

Lifetime imaging. Many studies have used FLIM to
show the presence of FRET, with measurements in both
the time domain and frequency domain (Gadella &
Jovin 1995; Ng et al. 1999; Haj et al. 2002; Calleja et al.
2003). The transfer efficiency can be determined from
the lifetime of the donor fluorophore in the presence
of the acceptor, 7, and the lifetime of the donor fluoro-
phore in the absence of the acceptor, 7q, as shown by
equation (2.3) (Lakowicz 1999)

T
E=1 - (2.3)
Here, the donor lifetime-imaging technique is used for
comparison with the developed sensitized emission
technique. FRET can also be measured by observing
the acceptor fluorophore lifetime or a combination of the
donor and acceptor lifetimes. The latter is useful when
fluorophores are spectrally indistinguishable (Harpur
et al. 2001).

In reality, fluorophore decays are multi-exponential
(Tramier et al. 2002) and so the true transfer efficiency
cannot simply be calculated through an application of
equation (2.3). In this situation, careful analysis of multi-
exponential decays using time-correlated single photon
counting (TCSPC) can yield more complete information
on the problem than is available from other techniques
(Duncan et al. 2004; Millington et al. 2007). However,
TCSPC is not always suitable for cellular imaging
because large numbers of photons are needed per pixel
in order to accurately fit multi-exponential decays
(Kolner & Wolfrum 1992). For multi-exponential
decays, the average of measured lifetimes (7) is
calculated (Lakowicz 1999) and used to determine the
transfer efficiency (Hoppe et al. 2002; Grailhe et al. 2006),

E=1-30
(70)
where (7) and (7) are the mean lifetimes in the presence
and absence of FRET, respectively.

(2.4)

3. CROSSTALK CORRECTION OF FRET SIGNALS

Figure 1 shows two main causes for crosstalk: direct exci-
tation of the acceptor at the donor excitation wavelength
(path 1) and donor emission bleed-through into the
acceptor detection channel (path 2). In what follows,
we assume that the acceptor emission does not bleed-
through to the donor detection channel and, furthermore,
that there is no direct excitation of the donor at the
acceptor excitation wavelength. This is consistent
with what is observed for many popular fluorophore
pairs used for FRET in biology, e.g. pairs of fluore-
scent proteins such as CFP/YFP (figure 3) and organic
fluorophores such as Alexa-488/568, respectively.

By designing experiments not to require these
additional corrections, FRET quantification becomes
inherently more robust.

3.1. Correcting for direct acceptor excitation

In the following sections, we frequently refer to figure 4,
which summarizes the principles for obtaining the
unmixed FRET signals, cFRET. Signal due to direct
excitation of acceptors at the donor excitation wave-
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length is quantified by the measurement of the acce-
ptor excitation ratio, AER, from a control sample
containing only acceptor fluorophores (figure 4a). This
is the ratio of the signal I°* (excitation at the donor
excitation wavelength, detection by the acceptor
emission channel) relative to the signal I* (signal
upon excitation at the acceptor excitation wavelength
and detection by the acceptor emission channel). In a
real sample then, where one wishes to determine FRET
levels (figure 4c¢), one obtains

signal due to cross excitation (path 1) = AERI*.
(3.1

3.2. Correcting for donor bleed-through

The amount of donor bleed-through into the acceptor
channel is accounted for in an analogous way from a
measurement of a donor emission ratio (DER) obtained
from a control sample containing only donors. Refer-
ring to figure 4b, one obtains

signal due to path 2 = DERIP?, (3.2)

where is the emission in the donor channel upon
donor excitation.

The analysis programs developed here compute the
AER and DER on a pixel-by-pixel basis. Plots of AER
or DER against signal intensity provide useful diag-
nostic information: ideally, the AER and DER are
constants and do not dependent on the amplitude of
observed signals. Strong deviations from this behaviour
indicate potential problems, such as errors in the
background correction scheme or nonlinearities of the
detection system. For pixels with low signal levels,
the probability for errors is increased as background,
e.g. from autofluorescence, may become appreciable in
comparison with the signal itself. Regions thus ident-
ified in an experiment can be excluded from analysis
and appropriate thresholds set.

IDD

3.3. Corrected FRET

The corrected FRET signal cFRET from a real sample
is now obtained using the AER and DER and
measurement, of IDA, I** and I°® on the FRET
sample (figure 4¢). Hence

¢FRET = I°® —~DER/PP — AERI**. (3.3)

4. SIGNAL NORMALIZATION

For the sake of clarity, full derivations of the signal
normalization equations presented in the following
sections are given in appendix A and only results are
stated here.

4.1. Donor concentration normalization

Here cFRET is normalized for the donor concentration
in the sample under observation. The donor-normalized
FRET signal is given by

*

dFRET = Mo

D p=y,E,
Np+Np o XP

(4.1)
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which calculates an apparent transfer efficiency repre-
senting the actual transfer efficiency, E, scaled by the
fraction of donor molecules, which contributes to
FRET. Nj are the donor molecules in FRET proximity
to the acceptors and Nj+ Np is the total number of
donor molecules, including non-interacting ones. The
term xp= Np/(Np+ Np) represents the fraction of
interacting donors (Erickson et al. 2001; Hoppe et al.
2002). We prove in appendix A that

FRET 4~
dFRET = — DER (4.2)
where we have introduced a system specific parameter «
TA
o= 2 (4.3)
QaTy

which relates to the fluorescence quantum yields @p and
QA of donors and acceptors, respectively, and the relative
signal collection efficiencies T4/T% of donor and
acceptor photons, which are emitted into the acceptor
channel. The latter depends on the emission line shapes of
donors and acceptors and the overlap with the acceptor
channel band pass (figure 3a). If these are known, « can
be calculated. Alternatively, we show in §6.1 how « can
be measured directly using control samples exhibiting a
controlled amount of FRET. Importantly, « is a constant
for a given fluorophore pair and detection channel and
thus needs to be determined only once for a given system.
Furthermore, « is independent of system gain and thus
constant between experiments where the detector gain is
adjusted. This is highly advantageous, as this increases
the dynamic range over which one is able to conduct
experiments (e.g. measuring both weak and strongly
emitting samples).

dFRET determined as defined in (4.2) calculates a
quantity that is absolute and which can thus be
compared for measurements obtained from different
microscope platforms with differing collection efficien-
cies, fluorophores, etc. and it takes into account that
both interacting and non-interacting fluorophores may
be present. In §6.2, we show how the quantity dFRET
compares for experiments obtained in different labora-
tories with differing equipment, and how it responds to
changes in FRET stoichiometry. Apart from «, which
has to be determined once for a given system, equation
(4.2) contains only quantities that are measurable using
the procedures outlined in figure 4.

4.2. Acceptor concentration normalization

In a similar fashion, the acceptor-normalized FRET
signals are obtained, given by

*

N,
aFRET = D

"D p—y.E
Ny + N, - e

(4.4)
which weights the actual transfer efficiency by the
number of molecules involved in FRET relative to the
total number of acceptor molecules. x4 is the fraction of
interacting to the total number of acceptor molecules
(since Ny = Nj3). We obtain (see appendix A)

cFRET

FRET = ———
& AERIAAG

(4.5)
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The unmixed FRET signal, cFRET, is divided by
AERI™*, which is proportional to the acceptor
concentration as the donor is not excited by the
acceptor excitation wavelength.

The parameter § is introduced to account for the
relative absorption strengths of the donors and accept-
ors and is given by

_ (BoID)

= 2. 4.6
B o
where BY and BY relate to the emission strengths of
donors and acceptors, respectively, upon excitation at
the donor wavelength; I'B and I'} are the spectral
overlap factors of donors and acceptors at the donor
excitation wavelength. The § can again be calculated if
the spectral characteristics of the donor and acceptors
are known, as well as the characteristics of the excitation
source. If narrow linewidth excitation sources are used
(e.g. laser sources), then 8 is simply the ratio of the
extinction coefficients of the donor and the acceptor,
both excited at the donor excitation wavelength (see
figure 3a). If broadband sources are used (e.g. filtered

white light sources), the overlap integrals I B and I E
between the excitation sources and the absorption line
shapes need to be calculated to obtain (.

An alternative is to use a positive FRET control
construct with known FRET efficiency and stoi-
chiometry to obtain § as will be demonstrated in §6.1.
The acceptor-normalized FRET efficiency becomes
system and detector gain independent.

4.3. Concentration geometric mean
normalization

By combining equations (4.1), (4.2), (4.4) and (4.5), a
normalization based on the geometric mean of donor
and acceptor fluorophore concentrations can be defined,

Np

geoFRET = E, (4.7)
v (Na + N3) (Vo + V)
geoFRET = CIRET .
\/(IMBAER) (IPP DR 4 cFRET)
(4.8)

4.4. Concentration arithmetic mean
normalization

Similarly, a normalization based on the arithmetic mean
of donor and acceptor fluorophore concentrations can be
defined. This is shown in equations (4.9) and (4.10)

2N;,

arFRET = E, (4.9)
(Na + N; + Np + Np)
2cFRET
FRET = :
o (I**BAER) + (PP DEE 4 GFRET)
(4.10)

The geometric mean of a set of numbers is always less
than or equal to the arithmetic mean. Therefore, the
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geometric normalization will always yield a higher
FRET efficiency than the arithmetic normalization.
The geometric and arithmetic normalizations will
always give FRET efficiencies intermediate to the
donor and acceptor normalizations.

4.5. Concentration ratio donors relative
to acceptors

By combining equations (4.1), (4.2), (4.4) and (4.5), the
ratio of the donor to acceptor concentration can be
determined, as shown below

Njy + Ny, PP DER 4 cFRET

Ni+ Ny IMBAER

(4.11)

4.6. Relative donor and acceptor concentrations

The donor and acceptor concentrations are used for
normalization of the FRET signal to obtain the dFRET
and aFRET measures. For time-lapse imaging, it is useful
to be able to observe the relative changes in fluorophore
concentration. The relative change in donor concen-
tration between two measurements is given by

(IPPBER 4 cFRET),
(/PP BER 4 cFRET), ’

(4.12)

and the relative change in acceptor concentration is
given by
(%)
(1*4)

o

(4.13)

—

4.7. Acceptor photobleaching

It is possible to quantify FRET using the acceptor
photobleaching method. It is shown in appendix A that

1_ IDD

Np 0w
E= : , 4.14
Np + Np 1—L5(1— Py) (4.14)

AB

where IPP is the signal detected in the donor channel
before photobleaching upon excitation at the donor
wavelength and 1)3113) is the signal after photobleaching.

The method accounts for incomplete photobleaching
with a factor Pp, representing the percentage of
bleached photoacceptors. Thus, from equation (4.14)
and by comparison with equation (4.1), one sees
that the results obtained by photobleaching can be
directly and quantitatively compared with those
obtained using donor-normalized FRET in the sensi-
tized emission method.

4.8. Interpretation of the various FRET
normalizations in a biological context

In biological systems, the concentrations of fluoro-
phores are often highly variable. For example, if the
donor and acceptor fluorophores are tagged to two
different proteins, then their distributions will vary
with both the protein expression level and localization.
That is why normalizing the obtained FRET signal for
donor and acceptor concentrations is very important. It
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Figure 5. (a-d) Several donor-acceptor stoichiometries in
which FRET may occur. See text for more details.

is also important that experiments from different
laboratories with different experimental set-ups can
be compared; a point that is hardly discussed in the
current literature. For this reason, the various normal-
ization methods described are defined so as to be
independent of system parameters.

In FRET studies, the desired quantification is either
the level of interaction between a single donor and a
single acceptor (i.e. measuring F) or a measure of the
fraction of donors and acceptors which interact (i.e.
measuring Nj) /(Np + Np) or Ny /(Nj + Ni)), or simply
the measurement of a positive FRET signal indicating
that two proteins are interacting. In order to achieve
these aims, it is critical to understand the various
FRET signal normalizations outlined in the preceding
sections. This is illustrated by considering several
situations in more detail, as shown in figure 5.

First, consider the idealized case of equal donor and
acceptor concentrations, where every donor interacts
with one acceptor. This is illustrated in figure 5a. In this
case, all normalizations presented earlier will yield the
same value, and E can be determined. The fact that
dFRET and aFRET are equal represents useful infor-
mation—it shows that the total numbers of donors
and acceptors are equal, i.e. one can define the stoi-
chiometry of interaction to be 1 (see equation (4.11)).

Second, consider the case where the numbers of
donor and acceptor fluorophores are equal, but not all
are interacting (figure 5b). Again, all normalizations
will yield the same result, but unless the fraction of
interacting fluorophores is known, FE cannot be
determined. To determine E as well as the relative
fractions of donors interacting would require additional
methodologies, for example lifetime imaging with
adequate resolution to permit the resolution of multiple
lifetime components. Accurate fits to all time decay
components do however require very large numbers of
photons, which is not compatible with many biological
experiments (Grailhe et al. 2006; Millington et al. 2007).

Next, consider the situation where there is an
abundance of donor fluorophores, but donors and
acceptors interact on a one-to-one basis (figure 5c¢).
Here dFRET will be low, as there is a large free donor
concentration. On the other hand, aFRET will be high,
as all acceptors are interacting. Both geoFRET and
arFRET will be intermediate in value. The best way to
analyse this situation is to look at both donor and
acceptor normalizations. This would then indicate that
there is an interaction between the donor and acceptor,
but that the donor was in a large excess. This
information is not available when only geoFRET or
arFRET are considered, as these quantifications
represent a weighted average between the donor- and
acceptor-normalized measurements. If only the donor-
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normalized measurement is considered, then one might
falsely conclude that no interaction is present as
dFRET will be low. If acceptor photobleaching or
mono-exponential donor lifetime imaging is used
to analyse FRET in this situation, they would also
indicate low FRET levels as they are equivalent to the
donor normalization method.

Figure 5d shows the opposite case where the acce-
ptor is in excess, but similar arguments still apply. Here
analysis of geoFRET, arFRET, acceptor photobleach-
ing or even multi-exponential donor lifetime imaging
would not provide information on the excess of acce-
ptor fluorophores, but analysis of aFRET and
dFRET would.

For sensitized emission measurements, the best
normalization strategy is to use both aFRET and
dFRET and interpret them in combination. gecoFRET
and arFRET are not so useful as they are effectively just
different weighted averages of aFRET and dFRET. By
combining both aFRET and dFRET in any analysis,
the maximum possible information content is extracted
from sensitized emission measurements.

5. MATERIALS AND METHODS

5.1. Biological materials

5.1.1. Fluorophores. In the work presented here, enha-
nced CEFP (ECFP), enhanced YFP (EYFP) (Rizzo et al.
2004) and cerulean (Cer), an improved form of CFP
(Shaner et al. 2005), were used. Table 1 summarizes
the spectral properties of these fluorophores.

5.1.2. Cell culture and transfection. All cell experiments
reported were performed in HeLa cells. Cells were
cultured in Dulbecco’s modified Eagle’s medium with
sodium pyruvate, non-essential amino acids, supple-
mented with 10 per cent heat-inactivated foetal bovine
serum, 1 per cent GlutaMAX-1 (200 mM), 1 per cent
penicillin/streptomycin (10 000 Uml™") and 0.1
per cent fungizone (amphotericin B, 250 pgml~!)
(all Invitrogen). Cells were cultured at 37°C and 10
per cent CO, and normally grown in 10 cm tissue
culture Petri dishes (Nunc). For time-lapse imaging,
cells were cultured on 0.17 mm glass bottom dishes
(Willco Wells). For cell fixation experiments, cells were
washed twice in PBS, and then incubated with 4 per
cent paraformaldehyde (PFA) for 5-20 min at room
temperature. HeLa cells were transfected using electro-
poration on an EquiBio electroporator operated at
1500 pF capacitance.

5.1.8. Plasmid construction and transformations. A
positive FRET control construct was created by excising
the EYFP gene from the pEYFP-N1 vector, and ligating
it into the multiple cloning site of pECFP-C1 (both
plasmids obtained from Clontech, Palo Alto, CA) by
inserting a sequence coding for a short 18AA (amino
acid) long polypeptide (GLRSRAQASNSAVEGSAM)
between ECFP and EYFP. For the dynamic cell cycle,
FRET imaging experiments of the cyclin—cdk complex
cyclin B1, cyclin A and Cdk1 were labelled with FPs as
follows: cyclin Bl and cyclin A were labelled with
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Table 1. Spectral properties of ECFP, EYFP and Cer (Rizzo
et al. 2004; Shaner et al. 2005). (EC, extinction coefficient;
QY, quantum yield.)

Ex. peak Em. peak

fluorophore  (nm) (nm) QY EC(M~'em™?)
ECFP 433 475 0.4 32500
EYFP 514 527 0.61 83400
Cer 433 475 0.62 43 000

cerulean (Cer), a version of CFP with both quantum
efficiency and extinction coefficients improved by
approximately 50 per cent over ECFP (Shaner et al.
2005) and Cdkl was labelled with EYFP. A negative
FRET control was created by a single amino acid
substitution at R202 (arginine to lysine) in cyclin B1
(from MRAIL to MKAIL in helix 1 of the cyclin box).
This substitution resulted in cyclin B1 not being able to
bind Cdk1 due to disruption of a necessary salt bridge,
without significantly changing cyclin Bl’s overall
structure (Kobayashi et al. 1992). DH5a bacteria
(Invitrogen) were transformed using 200 ng DNA
according to the manufacturer’s instructions and DNA
was isolated using Mini- and Maxi-prep kits (Qiagen).

5.2. Microscope platforms

Widefield FRET was performed on a Deltavision
Spectris deconvolution microscope (Applied Precision,
Seattle, WA) equipped with a 12 bit cooled CCD with
1.3 Mpixels (CoorSnxap HQ v. 1.3, Roper Scientific).
INlumination was provided by a 100 W mercury arc
lamp. For time-lapse imaging, cells were maintained at
optimum temperature and COs levels using an environ-
mental chamber (Solent Scientific). Details of relevance
in the FRET analysis are listed in table 2.

Confocal CFP-YFP FRET imaging was performed
on a Leica SP5 confocal laser scanning microscope.
Details are listed in table 3.

In order to reduce artefacts due to sample move-
ment, the microscope was operated in ‘between line’
mode, where for every image line, signals were first
recorded with the donor excitation wavelength,
immediately followed by excitation at the acceptor
wavelength. For the same reason, signal averaging was
performed using the ‘line-averaging’ feature on the
microscope rather than ‘frame averaging’.

For quantitative FRET imaging, it is essential that
the photomultiplier detectors return a signal count
that is linearly proportional to the number of photons
emitted. The linearity of the detectors was measured for
both excitation lines using the back reflection of a cover-
slip and operating the microscope in reflection mode.

Surprisingly, it was found that the microscope
exhibited a severe nonlinearity at high signal count
rates, which was verified in similar models owned by
other researchers. In practice, linear operation was found
to occur over less than 50 per cent of the full dynamic
range in our system. We strongly advise performing such
linearity checks, as detector nonlinearity hinders the
possibility of achieving quantitative FRET applications.
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Table 2. Parameters used for FRET imaging with the
Deltavision microscope. (cw, centre wavelength in nm; bp,
spectral bandpass in mm.)

property value

donor excitation filter (nm)
acceptor excitation filter (nm)
donor emission filter (nm)
acceptor emission filter (nm)
objective

436 cw/10 bp

500 cw/20 bp

470 cw/30 bp

535 c¢w/30 bp

60X PlanAPO 1.4
NA oil immersion

CCD exposure time 200-3000 ms

data size 12 bit

Z0oOom 1

Table 3. Parameters used for confocal FRET imaging on a
Leica SP5 confocal microscope.

property value

Ar:ion 458 nm line
Ar:ion 514 nm line
470-494 nm
530-545 nm

donor excitation wavelength
acceptor excitation wavelength
donor emission channel (nm)
acceptor emission channel (nm)

objective 63X 1.4 NA oil
immersion

scan speed 100 Hz

averaging three-line average

PMT voltage 700-900 V

pinhole diameter 1-2 Airy units

data size 16 bit

Zoom 14

Laser power fluctuations can cause errors in the AER
measurement. Fluctuations were measured by record-
ing the back reflection from a glass coverslip over a
30 min period, with the microscope operated in ‘reflec-
tion” mode. Power fluctuations were significant over
this time period (of the order 10%) but the fluctuations
between the two lines were strongly correlated in time.
It is the ratio of powers of the 458 and 514 nm line which
influences errors in the AER amounting to +4 per cent.
The axial overlap of the two beams was determined
from axial intensity profiles obtained from z-image
stacks. The peak of the profiles differed by less than
120 nm. This is considered insignificant in comparison
with the full width at half-maximum of the z-profile,
measuring approximately 1500 nm for a microscope
pinhole of 2.0 Airy disc diameters. Image alignment
errors between the different detection channels were
below the optical resolution of our system.

5.2.1. TCSPC' FLIM measurements. For the lifetime
measurements, a modified Olympus FV300 confocal
microscope was used, equipped with spectral detection
capability and a TCSPC detection system (Becker and
Hickl SPC 830). For excitation, a pulsed superconti-
nuum light source was used (Fianium SC450). Full
details of the system are given in Frank et al. (2007).
Images were analysed using the SPCIMAGE software
(Becker and Hickl).
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6. RESULTS
6.1. Calculation of a and

The FRET software developed here enables calculation
of a (equation (4.3)) and B (equation (4.6)) from the
transmission spectra of emission and excitation filters,
fluorophore spectral characteristics, etc. Spectral
information can be entered and overlap factors and
transmission efficiencies are automatically calculated.
It should be noted, however, that published data on
fluorophore spectra and quantum yields may not be
representative of corresponding properties in
actual experimental samples under investigation.
Changes in pH, local environment, molecular associ-
ation and conformation, changes in refractive index,
etc. all affect a fluorophore’s spectral properties
(Lakowicz 1999).

If accurate spectral data on fluorophores and detec-
tion systems are not available, we propose the use of a
positive FRET control construct for which the transfer
efficiency F has been determined independently, e.g. by
lifetime imaging (preferred method) or by the acceptor
photobleaching method. The data are compared with
the results of the sensitized emission approach (i.e.
comparisons of equations (2.4), (4.2), (4.5) and (4.14)).
For all data reported here, the 18 A A linker construct was
used as described in §5.1. A calibration construct thus
characterized can then be used directly for FRET
analysis and serves as a standard that is transferable
from instrument to instrument.

Table 4 lists the results obtained for the different cell
types, fluorophores, and microscopy systems used.
There are notable differences between the live cell and
PFA fixed cells obtained under the same measurement
conditions, representative of the effect of fixation on the
fluorophore spectral properties. Cer has similar
excitation and emission spectra to ECFP but a much
larger quantum yield (table 1) and these cause
differences of a and B between Cer—-EYFP and
ECFP-EYFP.

6.2. Validation of protocols with FRET control
constructs

The 18AA tandem constructs were used to validate
whether the sensitized emission normalization methods
could quantify the effect of the addition of extra free
donors or extra free acceptors (i.e. a change in the
stoichiometry of the interaction). As a negative control,
ECFP and EYFP were co-expressed in cells. Any
FRET signal in this system would indicate that
intracellular concentrations of the fluorophores were
too high, hence giving rise to FRET by molecular
proximity and crowding (Grailhe et al. 2006). Finally,
samples with only ECFP and only EYFP were prepared
in order to measure the DER and AER, respectively. In
order to check the sensitized emission measurements,
and for the calibration of the a and 8 factors, samples
were also tested using the acceptor photobleaching
method and TCSPC.

Estimates of the errors for measurements in cells are
presented in two ways. The error within an individual
cell was estimated in terms of the average standard
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Table 4. Summary of the « and § values determined from positive control constructs.

fluorophores microscope D Ex. (nm) A Em. (nm) a g

ECFP+EYFP confocal 458 530-545 0.19 2.5
ECFP+EYFP confocal (fixed) 458 530-545 0.22 3.4
ECFP+EYFP widefield 436 520-550 0.22 18
Cer+EYFP widefield 436 520-550 0.34 23

Table 5. Lifetimes measured by TCSPC for the 18AA constructs and free ECFP in live and fixed cells. (ECFP in both live and
fixed cells shows a similar lifetime. In the 18 AA constructs, the lifetime is reduced due to the presence of FRET.)

sample mean 7 (ps) mean ¢ in a cell (ps) og in mean (ps) 95% CI for mean (ps)
18AA 1549 124 15 30
ECFP 2513 124 13 26
18AA fixed 1976 123 15 30
ECFP fixed 2514 200 9 18

deviation of pixels within a cell. The error in the mean
value from all cells was estimated by calculating a 95%
confidence interval based on the standard error in the
mean values.

6.2.1. TCSPC results. TCSPC measurements were used
to estimate the transfer efficiency of 18AA constructs
in both live and fixed cell environments. ECFP-only
samples in the same conditions were used to measure
the lifetime of the donor in the absence of FRET.

To determine the number of exponentials required
to obtain a good fit, the data from all pixels in an
image were spatially binned in order to create a
‘super pixel’. This super pixel had a large number of
photons (over a million) and so all exponential
components contributing to the decay curve could
be resolved. Increasing numbers of exponentials were
fitted until no improvement in the reduced chi-
squared value or structure of the residuals was seen.
For the 18AA constructs, it was found that three
exponentials gave the best fit. For the ECFP samples,
it was found that two exponentials gave the best fit.
This is in good agreement with the previous findings
(Duncan et al. 2004; Millington et al. 2007). On a
pixel-by-pixel basis, the signal-to-noise ratio was too
low to fit three exponential components reliably.
Under these conditions, the mean lifetime obtained
by the fit is the most reliable quantity to use and this
was used to calculate the transfer efficiency, as shown
in equation (2.4). Hence the transfer efficiency
calculated was a mean transfer efficiency, which can
be compared with the one calculated from sensitized
emission or acceptor photobleaching measurements.

The results of the lifetime imaging are shown in
table 5. Sample images from the data are shown in
figure 6. The mean transfer efficiency, as calculated
from equation (2.4), is shown in table 6.

The results from the TCSPC imaging show that the
18AA constructs have a different mean transfer
efficiency in live compared with fixed cells. These
observations are indicative of the different molecular
matrix the fluorophores are embedded, in living cells
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Figure 6. Sample TCSPC images: (a) ECFP only in live cells,
(b) 18AA constructs in live cells, (¢) ECFP only in fixed cells
and (d) 18AA constructs in fixed cells. All images are
intensity-lifetime overlay images exported from SPCIMAGE.
The results of the TCSPC data are summarized in table 5.

Table 6. Mean transfer efficiencies £ measured by TCSPC for
thel8AA constructs in live and fixed cells. (The live cell
samples show a higher level of FRET than the fixed samples.)

95% CI for mean

sample mean E (%) (%)
18AA 38.4 1.9
18AA fixed 21.4 1.8

compared with fixed cells, where there are increased
levels of molecular cross-linking. Changes in the shape
of fluorophore excitation or emission spectra, donor
quantum yield, orientation factor (k*) or medium
refractive index all directly influence the Forster radius.

6.2.2. Acceptor photobleaching results. The acceptor
photobleaching technique was applied both on widefield
and confocal systems using the Deltavision and Leica
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Figure 7. Sample image demonstrating the acceptor photobleaching method on the Leica SP5 confocal microscope: (a) I DD image
before bleaching, (b) I°P image after bleaching, (c) false colour intensity-overlay FRET image and (d) histogram showing the

FRET distribution.

(a) (b) ‘ (©) (d)
: 1000
& 800
=}
S 600F
g
£ 400
200
15 ym 0
0 1500 0 1500 0.100 0.350 0.600 FRET

Figure 8. Sample image demonstrating the acceptor photobleaching method on the Deltavision widefield microscope: (a)

]DD

image before bleaching, (b) I DD image after bleaching, (c) false colour intensity-overlay FRET image and (d) histogram showing

the FRET distribution.

SP5 microscopes, respectively. The results obtained
matched closely for both methods and were also in good
agreement with the TCSPC results. Example images are
shown in figures 7 and 8 from the confocal and widefield
microscopes, respectively. The results are summarized
in table 7. Here PP refers to the image acquired in the
donor emission channel upon excitation with the donor
excitation wavelength. Similarly I°* and I** refer to
the image acquired in the acceptor emission channel
upon excitation with the donor and acceptor excitation
wavelengths, respectively.

Some artefacts can be seen in the photobleaching
images due to cell movement in the time between the
before- and after-bleaching images were recorded. This
increases the standard deviation of FRET levels within
a cell.

6.2.3. Sensitized emission results. Using the developed
sensitized emission software, images from both the
Deltavision and Leica SP5 microscopes were analysed
and compared. A sample set of typical results is shown
in figures 9 and 10. Table 8 summarizes all of the
sensitized emission results.

For the tandem construct imaging, the results of the
TCSPC and acceptor photobleaching measurements
match very well. They also agree with the sensitized
acceptor emission measurements, since the a and
values were chosen based on the TCSPC results
(figure 11). Even though the widefield and confocal
measurements were performed on entirely different
systems, the sensitized emission FRET measurements
still match. This highlights one of the benefits of the
developed analysis technique, as it allows comparison of
measurements from different laboratories, which was
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Table 7. Photobleaching transfer efficiencies for 18AA
constructs measured on the Deltavision and Leica SP5
microscopes.

mean g in

95% CI for FEinacell
sample mean F (%) mean (%) (%)
18AA Deltavision 37.6 3.9 8.0
18AA Leica SP5 35.2 1.2 8.4

not possible with some of the previously reported
sensitized emission FRET quantification methods.

When extra CFP was co-transfected as well as 1I8AA
constructs, there was a marked decrease in dFRET,
while aFRET remained at the level expected for 18AA
constructs. The analogous case for extra YFP was also
true. This was exactly as predicted by the theoretical
analysis, and demonstrates the improved level of
quantification that is achievable if both donor and
acceptor normalization strategies are used.

The results also show that the samples which were
co-transfected with non-linked CFP and YFP exhibit
FRET levels which are not significantly different from
zero. This demonstrates the usefulness of such samples
as a negative control. It also shows that, for the cells
investigated, CFP and YFP concentrations were not
high enough to cause appreciable FRET to occur due to
molecular proximity. At higher concentrations, this
may of course change.

In combination, the use of the 18AA constructs and
CFP-YFP co-transfection samples aids a great deal in
the quantification of sensitized emission FRET
measurements. They provide negative as well as
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Figure 9. Sample data using the Leica SP5 confocal microscope. (a) Data for 18AA FRET construct. (i) Transmission image, (ii)
IPP (iii) TP, (iv) I**, (v and vi) dFRET and (vii and viii) aFRET. (b) Sample data for ISAA FRET constructs with additional
CFP. (i) Transmission image, (i) I°°, (iii) I°4, (iv) I**, (v and vi) dFRET and (vii and viii) aFRET.

positive controls, and permit a rigorous normalization
to obtain concentration-weighted transfer efficiencies
by providing the experimenter with an easy method for
the determination of the @ and 8 values. Measurements
analysed in this manner provide values of the transfer
efficiency, which are independent of the hardware
platform used for the measurement.

6.3. Investigation of dynamic protein—protein
interactions

The developed technique was used for dynamic imaging
of interactions in the cyclin—cdk family of proteins in
living cells. Cdks play a key role in the regulation of
mitosis (Morgan 2007). Cdks are serine—threonine
kinases whose substrate binding site is obscured by
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the so-called T-loop structure. When cyclins bind to
cdks, the T-loop is relocated and the cdk becomes
activated to permit substrate binding (Russo et al.
1996). In the work presented here, we follow the
assembly and destruction of cyclin—cdk complexes in
real time. Interactions were measured between cyclin
Bl and cdkl and cyclin A and cdkl. Use of the
sensitized emission FRET analysis enabled time-lapse
imaging throughout the cell to be performed and
changes in the bound and unbound fractions to be
visualized in a dynamic fashion.

For the cyclin B1 and cdkl studies, cyclin Bl was
tagged with cerulean and cdkl with EYFP. The
sensitized emission analysis showed a dFRET signal
of approximately 8 per cent compared with an aFRET
level of 2 per cent, indicating that the two proteins were
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Figure 10. Sample data using the Deltavision microscope. (a) Data for 18AA FRET construct with additional YFP.
(i) Transmission image, (i) I°P, (iii) I, (iv) I**, (v and vi) dFRET, (vii and viii) aFRET. (b) Sample data for cells co-
transfected with CFP and YFP. (i) Transmission image, (ii) I°°, (iii) ™4, (iv) I**, (v and vi) dFRET, (vii and viii) aFRET.

Table 8. Measured sensitized emission transfer efficiencies on the Leica SP5 and Deltavision for 18AA constructs, and 18AA
constructs with additional CFP or YFP and CFP + YFP. (CIs based on N=2+5 cells.)

18AA 18AA+CFP 18AA+YFP CFP+YFP

Leica SP5

dFRET 36.9 18.3 38.7 —0.1
aFRET 36.8 36.8 28.4 —-0.5
95% CI for dFRET mean 1.4 1.5 1.6 0.5
95% CI for aFRET mean 1.4 1.2 1.9 0.7
mean ogpreT in a cell 2.8 2.8 3.1 2.5
mean ogpreT in a cell 3.4 5.2 2.8 3.7
Deltavision

dFRET 38.7 20.3 44.0 2.6
aFRET 36.6 36.7 14 0.9
95% CI for dFRET mean 1.2 1.0 1.2 0.6
95% CI for aFRET mean 0.7 0.8 1.1 0.2
mean ggpreT in a cell 1.1 1.5 1.0 1.0
mean ggpreT in a cell 0.8 1.6 0.7 0.3

J. R. Soc. Interface (2009)
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Figure 11. Comparison of all tandem construct data. The error
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samples imaged (N=2+5 cells). Red, Leica dFRET; orange,
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interacting. The difference between dFRET and
aFRET signifies varying fluorophore concentrations.
In this case, the acceptor fluorophore concentration is
high, causing the acceptor normalization to be lower.
Figure 12 shows a sample image from this experiment.

As a control, the experiment was repeated with a
single amino acid substitution at R202 (arginine to
lysine) in cyclin B1, from MRAIL to MKAIL in helix 1
of the cyclin box, which is known to prevent cyclin
Bl—cdkl binding (Kobayashi et al. 1992). Despite the
fact that MKAIL B1 and CDK still colocalized strongly
in the cells, no significant FRET signal was detected
(table 9). This secondary experiment provides a
biological negative control for the verification of the
protein—protein interaction. It proves that the sensi-
tized emission analysis is effective for verifying protein—
protein interactions, and that the observed signals
are not due to colocalization and FP dimerization.
A sample image from the cyclin B1 MKAIL-cdkl
experiment is shown in figure 13.

The second system investigated was that of cyclin A
and cdkl, tagged with cerulean and EYFP, respect-
ively. Initially, the system was investigated measuring
FRET in single images, and then progressed to time-
lapse imaging to monitor FRET throughout the cell
cycle. The results of the FRET analysis for single
images indicated that the two proteins were interact-
ing, as can be seen in the example image (figure 14) and
the mean data from all cells analysed (table 10).

The time-lapse imaging showed not only that the
proteins were interacting, but also that the levels of
interaction changed during the course of the cell cycle.
Figure 15 shows the raw data and FRET analysis for a
few example frames taken from a sample time-lapse
series. Figures 16 and 17 show how the FRET and
protein concentration levels vary with time for two
example cells. Movies of these interactions are found in
the electronic supplementary material.

Examining all the measured signals, as in the data
presented in figures 16 and 17, allows for a more complete
analysis of what the changing FRET signals mean. In
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particular, looking at the relative changes in the signals
with time can give insight into the processes occurring.

When the cell enters mitosis, cyclin A starts to be
degraded, as indicated by the decreasing donor concen-
tration. Cdkl concentrations, however, tend to keep
rising (note that the rise of ectopic cdk1 may be affected
somewhat by residual translation and maturation of
FPs). Initially dFRET rises and aFRET stays approxi-
mately constant, but rising slightly (region 1). Then,
after a certain point, both dFRET and aFRET decrease
until eventually the fluorescence signal becomes too low
for analysis (region 2). Shortly afterwards, the cell
divides. The changing FRET signals can be matched to
points in the cell cycle but here the emphasis is placed on
the physical interpretation rather than the particular
biological implications.

In region 1, dFRET rises. Assuming that the actual
FRET efficiency of a single donor-acceptor interaction
does not change, then with reference to equation (4.1),
this means that the ratio of interacting to total donor
fluorophores increases. Since the total donor fluorophore
concentration is decreasing, this means that the non-
interacting donor concentration is decreasing faster than
the interacting donor concentration. In fact, when the
cFRET signal is examined, it is seen that the number of
interacting donors is actually increasing in region 1.
aFRET stays approximately constant (with only a slight
rise) because the increasing number of interacting
acceptor fluorophores is offset by the increasing total
acceptor fluorescence. In region 2, both aFRET and
dFRET fall, as does the donor fluorophore concen-
tration. The acceptor fluorophore concentration,
however, rises. The falling dFRET signal means that
the number of interacting fluorophores falls faster than
the total number of donor fluorophores.

To summarize, it is seen that there are two clearly
identifiable regions of behaviour. The first where free
donor is degraded, but interacting donor increases, and
the second where both free donor and interacting donor
levels fall, with the interacting donor levels falling at a
faster rate. The interacting donor levels could fall because
of two reasons: either the protein—protein complex falls
apart or interacting donor is degraded. Either way, the
analysis clearly identifies a point at which the interaction
between the two proteins starts to cease.

To ensure that the observed decrease in FRET was
not due to effects caused by imaging the cells for an
extended time period, cells that did not enter mitosis
were also analysed. This is demonstrated in figure 18.
Here the cell does not enter mitosis, and the FRET
levels remain approximately constant throughout the
imaging period. The patterns observed in figures 16 and
17 for cells proceeding normally through mitosis and in
figure 18 for non-dividing cells were reproducibly
observed for all cells analysed (N=20+5).

This analysis clearly demonstrates one of the great
advantages of the sensitized emission technique; because
the technique is fast and non-destructive, it can be used
to monitor the change in FRET with time from many
different cells in a sample dish with a high time
resolution (order of minutes) and over long periods
(order of hours). As an example, collecting all the
necessary images for a typical experiment on the
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Figure 12. Intensity images and sensitized emission FRET analysis data for cyclin B1 tagged with cerulean and cdk1 tagged with
YFP. (a) Transmission image, (b) I°" image, (¢) I°* image, (d) I** image, (¢) dFRET image, (f) dFRET histogram,

(9) aFRET image, (h) aFRET histogram.

Table 9. Measured transfer efficiencies for cyclin Bl—cerulean and c¢dkl-EYFP with and without the MKAIL mutation
(N=2%£5 cells).

95% CI for 95% CI for
dFRET mean GgpRET dFRET aFRET mean OgrRET aFRET
MRAIL 8.4 1.9 1.2 2.0 0.5 0.4
MKAIL 0.9 1.6 0.9 0.2 0.4 0.2
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Figure 13. Intensity images and sensitized emission FRET analysis data for cyclin B1 with the MKAIL mutation tagged with
cerulean and cdkl tagged with YFP. (a) Transmission image, (b) I°P image, (¢) I°* image, (d) I** image, (¢) dFRET image,
(f) dFRET histogram, (g) aFRET image, (h) aFRET histogram.

Deltavision microscope takes approximately 3s. This 7. CONCLUSIONS

allows many different cells to be imaged within a 2 min
cycle, using the Deltavision’s sample positioning system.
Samples can be imaged for hundreds of cycles to collect
the required data—cells have been successfully imaged
for over 6 hours continuously.

J. R. Soc. Interface (2009)

Measurement of FRET by sensitized emission has
several key advantages—it requires minimal hard-
ware to implement and is widely applicable across
different platforms. Its most potent advantages are
the facts that it is a non-destructive method that is
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Figure 14. Intensity images and sensitized emission FRET analysis data for cyclin A tagged with cerulean and cdk1 tagged with

EYFP. (a) Transmission image, (b) I°P image, (c) I°
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Figure 15. Intensity images (trans-dFRET) and sensitized emission FRET analysis data for cyclin A tagged with cerulean and
cdkl tagged with EYFP for a time-lapse series of measurements. Data are shown from time points at 0, 44, 125 and 278 min. Full

movies are available in the electronic supplementary material.

Table 10. Measured transfer efficiencies for cyclin A—cerulean and cdk1-EYFP (N=2+5 cells).

95% CI for 95% CI for
dFRET mean GqrRET dFRET aFRET mean 0grRET aFRET
cyclin A—cdkl 9.8 1.2 1.5 5.5 0.6 0.2

sensitive enough to permit imaging at high speed and
over extended periods of time, making it the method
of choice for the verification of dynamic molecular
interactions in living cells.

J. R. Soc. Interface (2009)

A key problem with FRET-sensitized fluorescence
methods lies in the quantification of obtained signals.
The first problem arises from crosstalk: both donor
emission bleed-through and acceptor cross-excitation
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Figure 17. Second sample image showing the variation in
FRET and protein concentration with time for cyclin
A——cerulean and cdkl-EYFP. Transmission images at
different times are inlaid to indicate the cell’s procession
through mitosis. Squares, dFRET; circles, aFRET; down-
traingles, donor concentration; uptriangles, acceptor concen-
tration; diamonds, cFRET.

contaminate the sensitized emission signal. The litera-
ture abounds with corrections for these factors, which
can become confusing to the potential user, even
though all the published algorithms are essentially the
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Figure 18. Sample image showing the variation in FRET and
protein concentration with time for cyclin A—cerulean and
Cdk1-EYFP in a cell that did not enter mitosis. Transmission
images at different times are inlaid to indicate that the
cell does not enter mitosis. Squares, dFRET; circles,
aFRET; downtriangles, donor concentration; uptriangles,
acceptor concentration.

same. The second, and more difficult issue to consider,
is the normalization of the measured FRET signal for
fluorophore concentration and imaging system para-
meters, so that experiments obtained in different
environments and with different fluorophore systems
can be directly compared. Signal normalization is
extremely important, to the point where it may be
the deciding factor in establishing whether FRET
occurs or not, yet it is not properly considered in
many publications presenting FRET data.

Here we provide a rigorous theoretical framework for
FRET analysis by sensitized emission using a model of
FRET, which is both intuitive to understand and
practical to apply in an experimental context. Optimal
normalization strategies were considered and validated
with live cell samples, and it is shown that the
combined use of two measures of FRET-sensitized
emission, namely dFRET and aFRET (for donor- and
acceptor-normalized FRET) offer a maximum of
information from an experiment. The combined use of
aFRET and dFRET was shown to provide information
both on fractions of interacting fluorophores and on the
strength of FRET interaction. The model has been
implemented in a freely available, user-friendly analysis
software that operates on a variety of computer platforms.

Verification of the technique was performed on both
confocal and widefield systems by imaging linked
ECFP-EYFP constructs exhibiting known levels of
FRET, along with comparison of the results with donor
lifetime-imaging and acceptor photobleaching measure-
ments. The capability of the method to provide data on
the interaction stoichiometry was validated using a
positive CFP-YFP control construct, for which the
stoichiometry of interaction was 1. Introducing a
deliberate change of interaction stoichiometry by
coexpression of surplus (free) donor and acceptor
fluorophores showed conclusively that the method can
quantify these stoichiometric changes.
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We applied the developed protocols for the investi-
gation of protein—protein interactions in living cells. In
addition to the usual negative controls for sensitized
emission FRET experiments, we show the importance
of using a positive, FRET exhibiting control construct
to confirm whether proteins interact by FRET or not.
Finally, we apply the protocol for real-time imaging
of interactions between the cyclin—cdk family of
proteins in living cells and follow these interactions
through mitosis. FRET levels between the CER- and
EYFP-tagged proteins were monitored as the cells
progressed through mitosis. Examining how the
FRET normalizations and fluorophore concentrations
changed throughout a time-lapse experiment enabled
conclusions to be drawn on the relative changes in the
stoichiometry of the interaction (i.e. the relative
amounts of free to interacting protein).

We would like to thank Dr Uwe Rauch from the Medical
Faculty at the University of Lund, Sweden, for invaluable
advice and initial preparation of the linked FRET control
constructs.

APPENDIX A

A.1. Derivation of dFRET

The fluorescence intensity of a system upon excitation
with intensity L., is given by

(e
where the first term in brackets corresponds to the rate
of excitation of the fluorophore; N is the number of
fluorophores in the ground state; @ is the fluorescence
quantum yield; and y is the collection efficiency of the
detection channel; B is the Einstein coefficient for
stimulated absorption; I., is the excitation spectral
irradiance assumed to be below saturation levels for the
transition probed; c is the speed of light; and I is the
spectral overlap factor between the excitation light and
the absorption spectrum of the fluorophore.

In a sample with donors and acceptors, the total
number of donors is given by Np + N, where Ny is the
number of donors that are outside interaction distance,
and Np is the number of donors within FRET
interaction distance. The amount of donor signal
IIJ)D,AMFRET detected in the acceptor channel, had no
FRET occurred, is given by

BB ]ex,DFB

]DA —
D, noFRET — c

)+ Mp)auuh. (a2)
On the other hand, the true amount of FRET signal

cFRET, which is free of crosstalk, is given by

BRI TP
“FRET = (D4DD) OWVANLE, (A3)
C

where NJE is the actual number of donor molecules
within interaction distance, which transfer energy to
the acceptors. Dividing equation (A 3) with (A 2) and
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comparing the result with equation (4.1), we obtain

dFRET = S BET (A4)
IDA, noFRET
where
A
o= QD‘//E . (A5)
QAWA

Now the total number of donor molecules can be
written as

Np + Ny = (1—E)N;y, + Np) + NyE. (A 6)

Here (1 — E)Nj + Np is the number of non-interacting
donor molecules and N F is the number of interacting
donor molecules. Substituting this expression into
equation (A 2), one obtains

D, noFRET

_ (BBIQXA,DI‘B

20 QU1 E)NG + M)

D D

+ (220 gy i (A7)

The first term on the right-hand side of equation
(A 7) can be identified as the fluorescence signal in the
acceptor channel of the non-interacting donor, i.e. it is
the donor bleed-through signal I°° DER as given in
equation (3.2). The second term can be identified from
equation (A 3) to be equal to cFRETa. Hence equation
(A 4) becomes

cFRETa
IPPDER + ¢cFRETa’

which is equation (4.2), as required.
Finally, the signal collection factors appearing in
equation (A 5) can be written as

dFRET = (A 8)

Q
v="0"T9 (A9)
where Q is the collection solid angle of detection optics;
T is the fraction of photons transmitted through the
system, which depends on the emission spectrum of
the fluorophores, detection bandpass, etc.; and g is the
detector gain. This means that

A A
w_, (A 10)
vi o Th
and hence (A 5) becomes equation (4.3) and « is
detector gain independent.

A.2. Derivation of aFRET

The signal in the detected acceptor channel on

excitation at the acceptor channel in a system is given
by

AA By LT

Iy vorrpT = | ————

C

)(NA + N3)Qavia. (A1)
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Table Al. Terminology used in theoretical sections of the paper.

E FRET efficiency, ranging from 0 to 100%
Nx number of non-interacting fluorophores, species X
Ny number of interacting fluorophores, species X
IPA signal upon excitation at the donor wavelength, detection by acceptor emission channel
TAA signal upon excitation at the donor wavelength, detection by acceptor emission channel
PP signal upon excitation at the donor wavelength, detection by donor emission channel
Y quantity refers to signal contribution from donor molecules, when excited at X and detected in Y
];(Y quantity refers to signal contribution from acceptor molecules, when excited at X and detected in Y
L x excitation irradiance per unit frequency interval, chosen to predominantly excite fluorophore X
cFRET FRET signal corrected for signal crosstalk
dFRET donor-concentration-normalized FRET efficiency
aFRET acceptor-concentration-normalized FRET efficiency
AER acceptor-excitation ratio, determines direct acceptor excitation at L p
DER donor—emission ratio, determines bleed-through of donor emission into acceptor channel
o normalization parameter for dFRET
B8 normalization parameter for aFRET
) quantum yield of donor
Qa quantum yield of acceptor
TS collection efficiency for donor photons emitted into acceptor channel
Tﬁ collection efficiency for acceptor photons emitted into acceptor channel
¥ collection efficiency for signal from species X in detection channel Y
BY Einstein B coefficient for stimulated absorption of species X at excitation wavelength Y
ry spectral overlap factor of X at excitation wavelength Y
XmYz the image collected in channel X when using excitation wavelength Y

Because there is no cross-excitation of the donor at
the acceptor excitation wavelength, this equation can
be rewritten as

I errer = I, (A12)
where I** is defined as presented in §3.1.
Dividing equation (A 3) with equation (A 11), one
obtains
N; _ cFRET BiL, AT}
Ny + N; Ina BRI pIB’

(A13)

Now the AER was defined in equation (3.1) and in
figure 4a and one can see that

AER — ﬁ _ BEICX,DT]X

=_—— . A14
IAA BQIeX.Arﬁ ( )

On substitution of this into equation (A 13) and
defining

ByIp
= , A 15
8= ot (A 15)
we obtain
cFRET
FRET = ————— A 16
& I BAER’ (A16)

which is equation (4.5) as required.

A.3. FRET quantification by acceptor
photobleaching

Acceptor photobleaching can also be used to quantify
the FRET signal by measuring the increase in
donor emission following photobleaching of the
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acceptor. The acceptor photobleaching technique is a
calibration-free method for the determination of the
transfer efficiency.

As mentioned previously, there is no direct
excitation of the donor at the acceptor excitation
wavelength, hence the signal I** is solely due to
acceptors. Therefore, the relative change in [ AA after
the photobleaching step represents the percentage Py
of acceptors that were photobleached. The signal
detected in the donor channel before photobleaching
upon excitation at the donor excitation wavelength is
given by

D D
oD (M)<ND + N3 (1— B)) (Qoyd).

(A 17)

C

The signal after photobleaching is given by
[DD (BBIexDFB
c

DD _ )(ND+NB(1—E)(1—PB)
N5 Ps) (Qo¥b)s (4 18)

where Pp is the percentage of acceptors photobleached.
Combining equations (A 17) and (A 18) gives

1 ]DD

N;, T
E = AB , A 19
Ny + Np 1—%(1—13]3) (419)

which is equation (4.14).

A.j4. Software implementation

Software was written in interactive data language (RSI,
Inc.) to implement the methodology developed here
with an easy to use, intuitive user interface. The software
is freely available from http://laser.ceb.cam.ac.uk/.
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The program incorporates all features presented
here for FRET quantification. Some of the more
important features are as follows.

(i) The program uses the TIF file format for
images, which all commercial microscopes can
produce as output.

(ii) The sensitivity factors a and B can be
calculated for a given excitation wavelength,
detection bandpass and fluorophore type.

(iii) The AER and DER can be treated as con-
stants, or allowed to vary as functions of
intensity, either averaged over whole images
or within user-selected regions of interest
(ROIs). This has useful diagnostic value as
explained in §3.2.

(iv) Background correction can be performed by
subtracting the mean of a user-selected back-
ground region (e.g. a background obtained
from a region containing no cells).

(v) Image thresholding can be performed by
setting a minimum count level to be considered
for analysis.

(vi) The image can be smoothed using a boxcar
average smoothing function.

(vii) The level of corrected FRET, cFRET, can
be calculated.

(viii) The donor- and acceptor-normalized FRET
measurements, dFRET and aFRET, can be
calculated.

(ix) If before- and after-photobleaching measure-
ments are available, then the photobleaching
technique can be used to calculate the level
of FRET.

(x) The images can be analysed in terms of the
mean, peak and standard deviation within a
user-selected ROL.

(xi) Histograms of the image intensity or FRET
level within a user-selected ROI can be
displayed.

(xii) Intensity-overlay false-colour FRET images
can be output as TIF files. In an intensity-
overlay FRET image, the colour represents the
level of FRET and the brightness represents
the fluorescence intensity. This allows both
intensity of emission and FRET level to be
presented in one image.

A.5. Nomenclature

The nomenclature used in the theoretical sections of this
paper is shown in table Al. In what follows, the symbols
X and Y are placeholders for D and A. Superscripts are
ordered with the first symbol denoting the excitation
wavelength and the second symbol denoting the detec-
tion channel. Subscripts refer to signals from a
particular species. For example, I°* is the signal in
the acceptor channel upon donor excitation; I]S)A is the
signal in the acceptor channel upon donor excitation,
which is due to donor molecules.
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